To investigate the role of turns in protein folding, we have characterized the effects of combinatorial and site-directed mutations in the two bturns of peptostreptococcal protein L on folding thermodynamics and kinetics. Sequences of folded variants recovered from combinatorial libraries using a phage display selection method were considerably more variable in the second turn than in the ®rst turn. These combinatorial mutants as well as strategically placed point mutants in the two turns had a similar range of thermodynamic stabilities, but strikingly different folding kinetics. A glycine to alanine substitution in the second b-turn increased the rate of unfolding more than tenfold but had little effect on the rate of folding, while mutation of a symmetrically disposed glycine residue in the ®rst turn had little effect on unfolding but slowed the rate of folding nearly tenfold. These results demonstrate that the role of bturns in protein folding is strongly context-dependent, and suggests that the ®rst turn is formed and the second turn disrupted in the folding transition state.
Introduction
Do turns in proteins play an active role in guiding structure formation during folding, or do they merely serve as pliant linkers of secondary structural elements? Combinational mutagenesis studies of several different proteins have shown that folding can proceed despite substantial sequence perturbations in turns (Brunet et al., 1993; Predki et al., 1996; Predki & Regan 1995; Ybe et al., 1996; Zhou et al., 1996) . However, the effects of large sequence changes on folding kinetics have not yet been examined. Such kinetic studies are essential for determining whether turn formation is a critical step in folding.
The 62 residue B1 immunoglobulin G (IgG) binding domain of peptostreptococcal protein L is an excellent system for investigating the role of turns in folding. The NMR solution structure (Wikstrom et al., 1993) consists of a four-stranded b-sheet packed against a single a-helix; the order of secondary structure elements is bbabb (Figure 1 ). The two b-turns are diametrically opposed and both contain a glycine residue, making them ideal for experimental comparison. Both the kinetics and thermodynamics of folding of a tryptophan-containing variant of protein L (hereinafter the pseudo wild-type protein is referred to as protein L) are ®t well by a simple two-state model Yi & Baker, 1996) . A phage display selection method has been developed that allows for the retrieval of rare sequences that fold from large combinational libraries (Gu et al., 1995) . The principle behind the selection is that the IgG binding activity of protein L requires that the protein be properly folded (Gu et al., 1995) .
Here, we used a combination of random mutagenesis, site-directed mutagenesis, and biophysical characterization to investigate the role of the two b-turns in the folding of protein L. Sequence perturbations in the two turns have very different effects on folding; the formation of the ®rst turn appears to be part of the kinetic bottleneck in the folding reaction. The results have important implications for the folding of protein L and for the role of turns in protein folding more generally.
Results

Phage display selection
To obtain a broad overview of the role of the two b-turns in the folding of protein L, we began by selecting functional, folded variants of the protein from phage libraries in which the two turns were independently randomized. Since our goal was to probe the effects of large sequence changes in the turns on folding kinetics, the randomization experiments were carried out in the context of the relatively stable tryptophan-containing variant of protein L; in elegant previous studies of the second turn of the structurally related IgG binding domain of protein G, randomization was carried out in the context of destabilized protein G variants to allow stringent selection for thermodynamically optimal turn sequences (Zhou et al., 1996) . Phagemid libraries were constructed in which the two b-turns were replaced by synthetic cassettes encoding all 20 amino acids at each position ( Figure 1 ). The number of independent transformants was close to the theoretical sequence complexity for both libraries: 3 Â 10 7 versus 3 Â 10 6 for turn 1 and 5 Â 10 6 versus 6 Â 10 7 for turn 2. The nucleotide frequencies in the unselected phage population, checked by sequencing individual clones, were close to the expected frequencies (data not shown).
Signi®cant differences in the recovery of functional variants from the two libraries were observed in biopanning using IgG-coated magnetic beads (Gu et al., 1995) . While 0.1% of the phage from the turn 2 library were recovered, the recovery of phage from the turn 1 library was only 0.003%. In a secondary colony lift screen (Gu et al., 1995) , roughly 50% of the selected turn 2 variants and 10% of the selected turn 1 variants showed IgG binding activity. The differences in recovery are particularly notable, since more residues were randomized in the turn 2 library.
The sequences of variants that exhibited IgG binding activity in both the phage display selection and the colony lift screen were determined (Table 1) . The frequencies of each of the amino acids at each position in the two turns are summarized in Figure 2 . Two overall trends are evident from Figure 2 : ®rst, except for the ®rst position of turn 1, hydrophobic residues (rows 13 to 20) are conspicuously underrepresented, and second, as expected given the differences in phage recovery, there is considerably more sequence variation in turn 2 than in turn 1. Figure 1 . Backbone ribbon trace of protein L. The regions subjected to combinational mutagenesis, turn 1 (F12-A13-N14-G15-S16, right side) and turn 2 (A52-D53-K54-G55-Y56-T57, left side), are highlighted in red. The trace was prepared using MOLSCRIPT (Kraulis, 1997) and Raster3D (Bacon & Anderson, 1988; Merritt & Murphy, 1997) . 
The wild-type sequence and residue numbers are indicated at the top of the table. The mutants that were selected for biophysical characterization are labeled to the left of the sequences.
Very strong sequence constraints are evident in the sequences from the ®rst library. In the second position of the turn, proline was recovered in all but one sequence. This is intriguing, because proline is not the wild-type residue; this prevalence may be due to f angle constraints favoring proline in the second position of type I turns (Hutchinson & Thornton, 1994) . The asparagine residue in the third position appears to make intra-turn hydrogen bonds involving the side-chain of serine 16 and the backbone nitrogen atom of alanine 13. All but one of the residues recovered at this position were capable of hydrogen bonding. Cysteine was highly favored at this position, possibly because it is both hydrophobic and capable of hydrogen bonding, and is thus well suited for making a buried intraturn hydrogen bond. Cysteine residues in turns may be selected against in naturally occurring proteins because of the potential for inappropriate disul®de cross-linking. Glycine and glutamine were favored in the fourth position. Most of the glutamine residues in both sets of selected sequences were encoded by TAG stop codons that are partially suppressed in the XL1-blue strain used to generate the library; these codons may be at a selective advantage because they reduce the amount of potentially toxic fusion protein produced in the cells. The phenylalanine residue in the ®rst turn position is part of the hydrophobic core and, not surprisingly, was substituted primarily with large hydrophobic residues.
In contrast to the turn 1 sequence results, there was no strict positional constraint in turn 2 (Table 1 and Figure 2 ). The glycine residue in position 55 was not conserved, although it is highly favoured in this type of turn and has a positive f angle in the NMR structure. Turn 2 also tolerated a singleresidue deletion. The turn 2 mutants showed no clear preference for any speci®c b-turn type according to turn speci®c propensity tables (Hutchinson & Thornton, 1994) . Although there was no strict constraint as for turn 1, there was a general conservation of polar residues in turn 2, which may be attributed to the fact that most of the side-chains are highly solvent-exposed. The tolerance of turn 2 to a deletion and to substitutions at position 55 not compatible with the positive f angle in the wildtype structure suggests that the chain reversal at turn 2 can be accomplished with substantially different backbone conformations.
Biophysical properties of combinational mutants
A number of functional combinatorial mutants were subcloned, expressed, and puri®ed for biophysical characterization. Far UV circular dichroism spectra of the mutants were similar to that of protein L (data not shown); taken together with the IgG binding activity, this suggested that the overall folds of the proteins were not signi®cantly altered.
The stability of the mutants was determined from GuHCl (guanidine hydrochloride) equilibrium denaturation experiments. Because the free energy of folding of protein L appears to be a non-linear function of denaturant, standard linear extrapolation estimates do not accurately estimate the free energy of unfolding in the absence of denaturant (ÁG U-F H2O ; Yi et al., 1997) . To avoid the necessity of extrapolation, the change in free energy of unfolding between mutant and wildtype was calculated at 2 M GuHCl (Jackson et al., 1993) . These ÁÁG U-F 2M values for the mutants range from 0.2 to 3.5 kcal mol À1 (Table 2 ). The kinetics of folding was determined for each of the mutants using stopped-¯ow¯uorescence. H ) correspond to the wild-type residues F12 and D53, respectively. Each box represents the logarithm of the ratio of the frequency of occurrence in the selected population to the frequency in the unselected population according to the color scale at the bottom of the Figure. The log odds ratio for the proline and cysteine residues in the ®rst turn were 2.4 and 2.9, respectively. Pseudo-counts were added to avoid taking the logarithm of zero. The amino acids are arranged from polar to non-polar side-chains in rows 4 to 20, with proline, glycine and cysteine in rows 1 to 3, respectively.
The folding rate constants were all lower than wild-type, while the unfolding rates in 2 M GuHCl were higher (Table 2 ). Simultaneous changes of ®ve (plt2 a) and six (plt2 b) residues in turn 2 changed the folding rate less than threefold, and ®ve changes plus a deletion (plt2 c) slowed the folding rate only fourfold. In contrast, the folding rate was decreased almost 20-fold in a turn 1 mutant (plt1 b), while the unfolding rate was not signi®cantly changed compared to wild-type. There were three substitutions in the plt1 b sequence: A13P, N14C and G15A. Given the high frequency of the ®rst two substitutions in the mutant population, the G15A substitution appeared to be the most likely cause of the dramatic decrease in folding rate.
Point mutations
To explore the differences in the two b-turns suggested by the combinatorial mutagenesis and the origin of the slow folding of plt1 b, we took advantage of the fact that the two b-turns in protein L have glycine residues in equivalent positions (G15 and G55). Each of the glycine residues was independently mutated to alanine, and the folding kinetics and thermodynamics of the two mutant proteins were characterized. The two mutations have similar effects on the overall stability of protein L but strikingly different effects on the folding and unfolding rates (Table 3 and Figure 3 ). The G55A mutation increased the rate of unfolding 16-fold, but had a less than twofold effect on the folding rate. In contrast, the G15A mutation had a small effect on the unfolding rate, but decreased the rate of folding almost tenfold.
This striking difference in the response of the two turns to G 3 A mutations suggested that the two turns play very different roles in the folding kinetics of protein L. However, it was possible, in principle, that the kinetic slow-down in the ®rst turn mutant was due to the stabilization of nonnative structure by the G15A mutation, rather than disruption of the turn structure. To probe further the role of the ®rst turn in folding, we mutated asparagine 14 to alanine. As noted above, asparagine 14 appears to make intra-turn hydrogen bonds, and hydrogen-bonding capability was heavily selected for in the library sequence selections. The result was again striking; the N14A mutation decreased the folding rate close to tenfold but had only a small effect on the unfolding rate ( Figure 3c and Table 3 ). The results with the N14A and G15A mutations suggested that the folding rate might be correlated with the intrinsic stability of this turn. To explore the effects of increasing turn propensity, A13 was mutated to proline. The mutation slightly increased the rate of folding (Table 3 ). The proline residue appears to be more critical in the absence of the glycine residue at position 4: in a larger collection of turn 1 variants retrieved using the phage selection, 88% of the sequences lacking the glycine had proline at position 2, while 50% of the sequences with glycine at position 4 had proline at position 2 (data not shown). Unlike A 3 G substitutions in lambda repressor (Burton et al., 1997) , the kinetic m { values were not signi®cantly changed in any of the mutants, suggesting that the change in solvent exposure at the rate-limiting step (and thus presumably transition state structure) does not deviate signi®cantly from wild-type. The effects of the single mutations on the kinetics of folding can be conveniently summarized using the È value notation of Fersht and coworkers (Matouschek et al., 1989) together with a simple free energy diagram (Figure 4) . In a twostate model, È F (ÁÁG {-U /ÁÁG F-U ) re¯ects the degree to which the interactions that are disrupted by mutations are formed in the folding transition state. The G15A and N14A mutations in the ®rst turn have È F values close to 1, suggesting that the ®rst turn is formed at or before the rate-limiting step in folding but not in the unfolded state (shaded region in Figure 4a ). In contrast, the G55A mutant has a È F value of 0.2, suggesting that the second turn is formed after the rate-limiting step in folding (shaded region in Figure 4b ). In a free energy diagram representation (Figure 4) , the G15A mutation destabilizes the transition state (1.9 kcal mol À1 ) nearly as much as it destabilizes the native state (2.1 kcal mol
À1
). On the other hand, the mutation in the second b-turn, G55A, has little effect on the free energy change in the U 3 TS transition but destabilizes the native state by 2.6 kcal mol À1 . The free energy of the denatured state was estimated to be raised by 0.8 kcal (D'Aquino et al., 1996) for both G 3 A mutations because of the loss of con®gurational entropy of the unfolded state. Final GuHCl concentrations were 0.3 M and 3.6 M for refolding and unfolding, respectively. In a, the¯uor-escence changes were transformed to a scale ranging from zero to one using normalized signal (s observed À s u )/(s f À s u ), where s u and s f are the initial signal after the mixing deadtime and the ®nal baseline signal in refolding. A similar transformation was used in b. No burst phase change in amplitude has been observed in refolding or unfolding for protein L . c, Guanidine dependence of folding/unfolding rates for wild-type, G15A, G55A and N14A. Schwarz, 1965) . The change in free energy for the native state was based on equilibrium stability measurements of the mutants. The free energy differences are not drawn to scale.
Discussion Implications for protein L folding
The second b-turn appears to be disrupted prior to the rate-limiting step in unfolding. Interestingly, amide protons in the second hairpin exchange with solvent more rapidly than amide protons in the ®rst b-hairpin and helix (Wikstrom et al., 1996; Yi & Baker, 1996) . A detailed analysis of the denaturant dependence of native-state hydrogen exchange rates suggested that the energetic cost of local uctuations in the second hairpin is less than in the ®rst hairpin . The correlation between the hydrogen-deuterium exchange and mutational results may be fortuitous (Clarke & Fersht, 1996) ; however, it seems reasonable that the cost of local¯uctuations should be relatively small in the portion of the protein disrupted in the folding transition state. The local¯uctuations in the second b-hairpin, if they are ampli®ed or occur concertedly, may disrupt the hairpin and lead to the unfolding transition state.
The results presented here are the ®rst indication of departure from symmetry in the folding free energy landscape for protein L. NMR, mass spectrometry and stopped-¯ow kinetic studies showed that the folding transition of protein L is a highly concerted process lacking detectable intermediates Yi & Baker, 1996) . It also appears likely that there is little residual structure in the denatured state: NMR characterization of protein L peptide fragments showed that neither the ®rst hairpin, the helix nor the second hairpin exhibit well-de®ned structure in isolation (Ram'irez Alvarado et al., 1997). Simple funnel pictures of folding in which the barrier to folding re¯ects the loss of con®gurational entropy prior to the formation of suf®cient compensating favorable interactions predict that most interactions should be partially formed in the transition state, and indeed intermediate È values are observed for most mutations in chymotrypsin inhibitor 2 (CI2; Itzhaki et al., 1995) and arc repressor (Milla et al., 1994) . The large differences in È values in the two turns suggest that the transition state for folding of protein L is not simply a uniformly expanded version of the native state as suggested for CI2 (Fersht, 1997) .
Why do the two turns in protein L behave so differently, and why do the mutations in the ®rst turn have disproportionately large effects on folding kinetics? The differences may be more related to the strand sequences¯anking the turns than the intrinsic turn propensities of the two turns. In the NMR studies of the peptides corresponding to the protein L hairpins, weak d aN (i,i 2) NOEs were observed between N14 and S16 (b-turn 1), and between K54 and Y56 (b-turn 2), suggesting a low population of turn-like structures in regions corresponding to both turns in native protein L (Ram'irez Alvarado et al., 1997) . While the turns appear to have similar turn-forming propensities, a nearestneighbor local structure prediction algorithm found the second strand to have signi®cantly lower strand-forming propensity than the other three strands ( Figure 5 ). The second strand has only one large hydrophobic residue (F22) in a stretch of seven residues. Because of the low strand propensity, the formation of the ®rst bhairpin may depend on chain reversal in the region of turn 1, and proper positioning of the second strand may be critical for assembling the hydrophobic core. More generally, the sequence constraints in the ®rst turn and dramatic effects of mutations in the ®rst turn on folding kinetics are likely to re¯ect the importance of the turn in stabilizing the folding transition state.
Correlation between sequence constraints and kinetic constraints
The sequence selection results and the biophysical characterization of mutants suggest a correlation between sequence constraints and folding kinetics. Turn 1 sequences are more constrained than turn 2 sequences, and destabilizing mutations have a large effect on the folding rate, while similar mutations in turn 2 have little effect on the folding rate. One possible explanation for the limited amount of variation observed in turn 1 is that larger sequence perturbations may disrupt folding kinetics to the extent that recovery in the phage selection is impaired; this will be probed in further experiments. A similar correlation between sequence constraints and kinetic importance was found in lattice simulation studies for CI2 (Shakhnovich et al., 1996) . . Local structure prediction of Protein L using a nearest-neighbor algorithm. The indicated helix (continuous lines) and strand (broken lines) propensities are the frequencies of helix and sheet in the 25 nearest sequence neighbors in the protein data base of nine residue segments centered at each residue . For clarity, the background frequencies of occurrence of helices and strands in the protein data base have been subtracted in the Figure. 
Role of Turns in Protein Folding
On the other hand, the ®rst turn is closer to the IgG binding site than the second turn. Chemical shift perturbation studies suggested that the IgG binding site involves primarily the second strand, the C terminus of the helix, and the loop following the helix (Wikstrom et al., 1995) . Because of the limitations of the method, these studies potentially could have missed a direct role for the ®rst turn in the binding interaction, but the high recovery of non-native amino acids, particularly the proline residue at position 2, suggests that the turn does not directly contact IgG; the conservation pattern is more consistent with constraints on the structural scaffold.
The role of local interactions
The role of local interactions in folding is controversial. It has been suggested that the formation of local interactions early in folding may slow the rate of folding either by increasing the roughness of the free energy landscape (Govindarajan & Goldstein, 1995) , or by increasing the height of the free energy barrier to folding by stabilizing the unfolded state (Fersht, 1995) On the other hand, a lattice simulation study (Unger & Moult, 1996) and a study of an extension of Zwanzig's simple model of folding (Doyle et al., 1997) led to the rather different conclusion that increasing local interaction strength should in general increase the rate of folding. In several instances, mutations that destabilize helices have been found to have little or no effect on the rate of folding, and mutations that stabilize helices in some cases slow the rate of folding (L'opez Her'andez et al., 1997), suggesting that substantial helical structure may be formed only after the rate-limiting step in folding (Sosnick et al., 1996) . The results with the G15A and N14A mutations in the ®rst b-turn clearly demonstrate that the disruption of local interactions in turns can signi®cantly decrease the folding rate. Taken together with the results of mutations in helices, these data suggest that local interactions associated with chain reversal may be particularly important in folding. However, the dramatic differences between the two protein L turns caution against over-generalization. Indeed, point mutations in b-turns in barnase (Serrano et al., 1992) and CI2 (Itzhaki et al., 1995) had opposite effects on folding kinetics; a mutation in a b-turn in barnase had a È value of $1, while mutations in the CI2 turn had È values close to zero.
Conclusions
Our results demonstrate that the role of turns in protein folding cannot be generalized. The two symmetrically disposed b-turns in protein L exhibit very different sequence constraints and contributions to kinetics. While the second turn appears to be formed after the rate-limiting step in folding, the formation of the ®rst b-turn appears to be part of the kinetic bottleneck in the folding reaction.
These different properties of the two turns are particularly dramatic because of their similar intrinsic turn-forming propensities and their symmetrical placement in the protein structure. The importance of turn formation in folding thus depends on the broader sequence and structural context.
Materials and Methods
Materials
All reagents, solutions and enzymes used in molecular biological procedures were as described (Gu et al., 1995) .
Phagemid library and selection
Protein L was cloned into a previously described phage display vector (Gu et al., 1995) H for turn 2 were purchased from Ransom Hill Bioscience, Inc. (Ramona, CA). The oligonucleotides corresponding to each turn were annealed, and second strand synthesis was completed using Klenow fragment (Reidhaar Olson et al., 1991) . The resulting double-stranded DNA products were digested with NcoI and EcoRI for turn 1, and SalI and MluI for turn 2, gel-puri®ed, and cloned into similarly digested phage display construct (Gu et al., 1995) . The phagemid libraries were constructed and the preparation of the af®-nity matrix, biopanning, and the colony lift screen were carried out as described (Gu et al., 1995) . DNA sequencing was carried out using standard M13 dye primer cycle sequencing protocols (Perkin Elmer).
Expression and characterization of mutant proteins
All library mutants were subcloned into a modi®ed version (Gu et al., 1995) of the expression plasmid pET 15b (Novagen) with the MluI site in the lacI gene removed by PCR mutagenesis to facilitate cloning. Mutants were cloned into the modi®ed vector between the NcoI and MluI sites. Point mutations were made with the QuikChange site-directed mutagenesis kit (Stratagene) using the suggested protocol and primer design. The protein L pET 15b construct described previously (Gu et al., 1995) was used as the template plasmid. The mutants were veri®ed by DNA sequencing. Expression and puri®cation was carried out as described (Gu et al., 1995) . Mutant proteins that were expressed as inclusion bodies were washed with 0.5% (v/v) Triton X-100 (Sigma), solublized with 6 M GuHCl, and then puri®ed by chromatography on a metal-chelating column. Equilibrium CD and¯uorescence measurements were acquired as described . Dithiothreitol (1 mM) was included in all solutions used for library mutants containing a cysteine residue.
Stopped-flow kinetics and analysis
Stopped-¯ow experiments were performed as described . The refolding and unfolding data were ®t to a two-state model: where k obs is the observed relaxation rate at any given concentration of denaturant, k F H2O and k U H2O are the refolding and unfolding rates in the absence of denaturant, respectively, and m F and m U describe the dependence of the logarithm of the rate constants on the GuHCl concentration.
È F H2O and È U 2M values (Itzhaki et al., 1995) were determined for each point mutant where: A È F value of 1 implies that the site of mutation is as structured in the transition state as in the native state, whereas a value of 0 implies that the site of mutation is unstructured in the transition state. In a two-state model, È F 1 À È U 2M ; there was good agreement between the two values for almost all of the mutants (Table 3) .
